In our previous study, we demonstrated that continuous power laser could be a clean, rapid, and convenient alternative to the other conventional disruption techniques for the release of recombinant hepatitis B surface antigen (rHBsAg) from Pichia pastoris. In the current work, we examined the effect of pulsed laser in the continuous laboratory-scale process on cell disruption. Design-of-experiments (DOE) methodology was used for optimization of cell disruption process to obtain the highest protein concentration in the disruption buffer. Our investigations for the pulsed laser at wavelength of 1,064 nm demonstrated that for disrupting P. pastoris cell and releasing rHBsAg, the laser power was the most influential factor, and laser pulse duration and cycle number were in the second and third places. According to the results, the effect of laser power and pulse duration (time) had a direct relationship with protein concentration. For the number of cycles, however, increasing the value from the lowest point at first led to the enhancement and then reduction of protein concentration. The maximum cell disruption and rHBsAg release were recorded for the laser system in the energy input of 284 mW and the pulse duration of 100 mSec after four complete rounds of circulation. C 2018
Introduction
In pharmaceutical and biotechnology industries, Pichia pastoris is one of the leading host cells for expression of desired products [1] [2] [3] [4] . This methylotrophic yeast can utilize methanol as a sole carbon and energy source, and in contrast to higher eukaryotes, this single cell microorganism can reach high cell densities in simple fermenters with cheap media [1] [2] [3] [4] . Besides, unlike prokaryotic cells, many post-transitional modifications such as glycosylation and protein folding occur in P. pastoris, which makes it a suitable host cell for complex proteins [1] [2] [3] [4] [5] . Although P. pastoris can often secrete recombinant products, extracellular expression of some biomolecules such as rHBsAg, due to their molecular size and very hydrophobic nature, is not effective [6] [7] [8] . Thus, cell disruption after the fermentation process is required to release the desired product that is located inside the yeast cell [9, 10] .
Yeast cells have a relatively more rigid cell wall structure than prokaryotes like bacteria; thus, cell disruption technique must be carefully evaluated to release all the desired intracellular recombinant products [9, 10] . Different studies have evaluated the advantages and disadvantages of various well-established cell disruption methods for bioanalytical and industrial purposes [12] [13] [14] . Non-mechanical cell lysis techniques including enzymatic and chemical ones are mild and selective methods that are mostly applied in laboratory-scale Applied Biochemistry for bioanalytical purposes [14] [15] [16] . The major drawback of these methods is their inapplicability in large scale [12, 17] . Physical techniques including ultrasonic and thermolysis are another category of non-mechanical techniques, which can be employed in both laboratory-scale and large-scale processes [14] . Nonetheless, these methods are rarely applied in the production process of recombinant proteins, specifically therapeutic ones since these methods could adversely affect the stability and potency of the protein of interest [18] .
The mechanical methods including bead mill and highpressure homogenizer are based on solid shears and liquid shears, respectively, and they are widely used in commercial scale [19] [20] [21] [22] . The robustness of these techniques on cell disruption is well proven; however, since these techniques are non-specific in cell disruption, they make the subsequent clarification and purification processes more challenging [9, 11, 12, 14, 15] . Possible denaturation due to shear stress, high capital investment, and energy dissipation are reported as other drawbacks of utilizing these techniques in cell disruption [13, 14, 23, 24] .
In our previous study, we examined the efficacy of continuous power laser on cell lysis of P. pastoris expressing rHBsAg [14] . According to the results, we concluded that in this type of laser operation, the primary cell disruption mechanism is thermal lysis [14] . Pulsed laser is another operation mode of laser that unlike continuous power laser does not emit the light continuously but in short period, the pulses, repeatedly [25] . For this reason, the energy consumption and heat dissipation in the pulsed laser system is less than the continuous one. In the previous literature, we did not examine the efficacy of this type of laser system on cell disruption technique for extracting intercellular recombinant protein [14] . In contrast to the continuous laser, it was reported that in the pulsed laser system, thermal lysis is the minor mechanism for cell lysis [26, 27] . Although in this method, the mechanism of cell disruption is not entirely known, based on time-resolved imaging and analysis of hydrodynamic effects, expansion and collapse of bubble cavities and shockwaves are the main mechanisms forming a small zone of lysis [28] [29] [30] . In recent decades, the pulsed laser has gained significant attraction in the fields of medical and analytical science for cell disruption since it is a precise, rapid non-contaminating method [26, 27, 29, 30] . So far, successful cell lysis of mammalian cells and bacteria has been reported using the pulsed laser for bioanalytical and biomedical purposes [30, 31] .
The experimental design is an important statistical methodology for improving and optimizing the biotechnological processes [22, 32, 33] . This tool can be used in different stages for identifying main influential parameters as well as optimizing the process. Response surface methodology (RSM) is one of the most common ways to know the effect of many factors and develop an optimum process for targeted bioproducts with less number of experiments [22, [32] [33] [34] . Using computer tools, this technique generates model equations, contour plots, and response surface to describe the interaction among process variables and response based on experimental data. Therefore, the optimal condition for an optimum response can be predicted [19] [20] [21] .
In the current work, we examined the efficacy of the pulsed laser system in the continuous setup for cell disruption of recombinant P. pastoris expressing rHBsAg. We used design-of-experiments (DOE) for selecting the main factors and optimizing the process. First, by using factorial design, we determined the main parameters on cell disruption. Then, the optimum condition for maximum protein release was determined using the RSM.
Materials and Methods
All buffers were prepared with analytical grade chemicals purchased from Merck Company (Darmstadt, Germany) and water for injection from the Pasteur Institute (Tehran, Iran).
Fermentation and harvesting
The rHBsAg was produced in fermenter by a C-226 recombinant strain of P. pastoris [7, 8] . The fermentation medium contained ammonium sulfate, glycerol, magnesium sulfate, EDTA, dipotassium hydrogen phosphate, calcium chloride, and trace elements [35] [36] [37] . The fermentation was carried out in the fed-batch mode in presterilized medium (600 L) at 600 rpm and 29
• C with pH around 4.5 by adding 20% (w/v) ammonia solution [22] [23] [24] . After depletion of the first carbon source, that is, glycerol, the methanol induction initiated. After reaching the optimal wet biomass yeast cells were harvested by disk stack centrifuge and washed twice with deionized water and then, they were added to the disruption buffer [14] . The disruption buffer was added to 3,500 mg of the harvested wet biomass to prepare a 10-mL sample with a concentration of 350 mg/mL [14] .
Experimental setup
In this study, a Q-switched Nd: YAG (λ = 1,064 nm, pulse repetition frequency = 50 kHz) laser was used. The experimental setup for pulsed laser cell disruption system is shown in Fig. 1 . The laser beam with a diameter of 8 mm is reflected using a flat silver mirror to obtain vertical exposure of the sample. During the continuous setup, samples were pumped by a peristaltic pump into the quartz tube with dimensions of 3 mm × 100 mm with the possibility of cycling. As shown in Fig. 1 , the sample could be maintained in a small vessel with a water jacket to keep the temperature constant at 25
• C.
Analytical assays
Total protein concentration according to the Bradford method was measured. We determined the rHBsAg concentration after achieving optimal operation condition by sandwich enzymelinked immunosorbent assay (ELISA) where sheep polyclonal antibodies against rHBsAg were coated on the plate and conjugated with horseradish peroxidase [35] [36] [37] .
FIG. 1
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Experimental design 2.4.1. Screening phase with fractional factorial design
First, according to the available facilities, relevant factors and their ranges were determined. The two-level fractional factorial design was used to determine the most influential factors among the following factors: laser power, laser pulse duration (time), pump speed, and number of cycles. In this table, the number of cycles is representative of the number of sample recirculation in the laser setup system. For this purpose, 8 (2 3 ) experiments were performed. As shown in Table 1 , each independent variable was tested at two levels, a high (+1) level and a low (−1) level. The concentration of protein in the disruption buffer was defined as a response since it represents the efficiency of cell lysis.
Optimization phase with RSM
Once the three most important factors with proper ranges were selected, the RSM approach, based on central composite design (CCD) with three levels, was performed using the Minitab Version 17 (Minitab Inc., State College, PA, USA). The number of 
experiments was determined as the following equation where i is the number of variables, which was 3 in this study:
This experimental design consisted of a full factorial design, 2 3 , with six star points, 2 × 3, and six replications of the center points. In current study, the model proposed for the response (Y) was Quadratic polynomial model:
where Y is the measured response associated with each factor level combination; β 0 , β i , β ii , and β ij are the regression coefficients for intercept, linearity, square, and interaction, respectively; X i and X j are the factors.
Results and Discussion

Screening
In initial experiments, based on fractional factorial experimental design, we determined significant parameters of pulsed laser setup on cell disruption (Table 2 ). We had hypothesized that pump speed, number of cycles, laser power, and laser pulse duration could be influential in cell disruption efficiency. Other parameters such as type and concentration of the cells as well as the composition of the disruption buffer could also be considered as influential parameters. However, to make the results of P. pastoris cell disruption producing rHBsAg comparable with the bead mill system as a well-established method, and also the continuous power laser system, these factors remained constant [9, 10] . According to the results, as shown in Fig. 2A , it can be concluded that the pump speed in the selected range had an insignificant effect on the response variable. The mean values at different levels for the pump speed factor were approximately the same, which is in accordance with the null hypothesis. The analysis of results by Pareto chart of effects (Fig. 2B ) also shows that pump speed as a parameter for cell disruption efficiency is insignificant. A possible interpretation for this result could be that in the selected range, the pump speed was not a significant factor, but in wider ranges, this parameter could be influential as the turbulence, as well as the exposure time of the cells to the laser, would be noticeably different. Considering the obtained results, the pump speed factor was eliminated for the final experiment and laser energy input, pulse duration, and number of cycles were selected as influential parameters.
Response surface method
A total of 20 runs for optimizing the three individual parameters were performed during the cell lysis of P. pastoris. Table 3 shows that the lowest and highest concentrations of protein were detected in run 5 (2.64 mg/mL) and run 12 (6.44 mg/mL), respectively. The analysis of variance (ANOVA) was carried out to test the model's significance and suitability (Table 4 ). The value of determination coefficient (R 2 = 0.9974) and adjusted determination coefficient (Adjusted R 2 = 0.9952) were higher than 0.75, indicating a high degree of correlation between the observed and predicted values. Fischer"s F-test yielded a high model F value (F = 434.30) and a significant P value (<0.0001); thus, indicating the model is highly significant and is a good prediction of the experimental results. The low value for pure error also indicates a good reproducibility of the experimental data.
In this study, t value and P value were used to check the significance of coefficient process variable ( Table 5 ). The large t value and small P value indicate the corresponding coefficient is significant. The regression summary (Table 5 ) shows that the effect of all the process variables was significant at 5% level (P value less than 0.05).
The second order mathematical model equation fitted by regression analysis as following:
In the equation, Y is the response variable, that is, protein concentration (mg/mL), and X 1 , X 2 , and X 3 represent the power, pulse duration (time), and cycle in the pulsed laser setup, respectively. According to the equation, the laser power is the most influential factor, which is in accordance with the experimental investigation. In terms of influence on the response, laser pulse duration and cycle number are in the second and third places. The normal (%) probability and residuals versus variable plots are useful diagnostic tools to detect and explain the systematic differences to check the assumptions. It is assumed that the errors are normally distributed and are independent of each other [22] . Figure 3A represents the normal distribution of data and indicates that the data dispersion is low and does not differ significantly from the standard line. Figure 3B shows that residues were randomly distributed around zero and no strong trend or pattern could be detected, which indicates the absence of systematic dependence on errors, fixed variance, and remote and missing points.
The three-dimensional response surface and twodimensional contour plots were drawn based on regression equation to illustrate the effects of the independent factors and the interactive effects of each independent factor on the response factor (Fig. 4) . The shape of contour plots indicates the significance of the interactive responses of the factors. Circular and elliptical contour plots indicate that the interactions between the corresponding variables are negligible and significant, respectively.
In Fig. 4 , the response surface plots and contour plots show the effects of all three variables on the protein concentration-cell disruption efficiency. As shown in Fig.  4A , the effect of laser power and pulse duration (time) has a
FIG. 3
Normal (%) probability plot for protein concentration (A) and cell disruption efficiency (B).
direct relationship with the response. Thus, by increasing laser power and pulse duration, the protein concentration is higher and, therefore, cell disruption is more effective. The rationale behind this result could be that the enhancement of laser power enhances the pulse energy, which could disrupt the wall of yeast cells more effectively [29, 31] . The same trend can be noticed for laser power in Fig. 4B where the plot and response surface show the effect of two variables of power and cycle levels. For the number of cycles, however, increasing the value from the lowest point at first leads to the enhancement and then reduction of protein concentration. This reduction might be related to two phenomena of protein degradation and the turbidity of the sample [14, 38] . First, by increasing the number of cycles, the probability of exposure of released proteins to the laser increases, which might increase the chance of protein degradation. Second, the release of micro-organisms' compartments during the first cycles increases the turbidity of the sample, which can decrease the efficiency of laser-based lysis by affecting the penetration depth of the laser beam [38] . The obtained result in Fig. 4B also suggests that lower number of cycles with a higher power has the same effect as the higher number of the cycle with lower power. Since increasing the cycle number also increases the time of the cell disruption process, under the same output for the cell disruption efficiency, the lower value of this parameter is favorable. Finally, Fig. 4C shows the interaction of pulse duration and cycle. Both plots demonstrate again that increasing laser pulse duration enhances cell disruption and protein concentration. The plausible explanation for this parameter is that a longer laser pulse duration can induce larger microbubbles, which can lead to more effective cell lysis. Moreover, increasing the pulse duration means that the yeast cells in the samples are exposed longer to the laser beam for a more extended period with a power value more than 50% of its maximum. As the extended exposure period increases the probability of thermal lysis-the minor mechanism-it seems that longer pulse duration leads to a higher percentage of cell disruption. Similar to response surface and contour plots in Figs. 4A and 5B, the cycle number demonstrated an initial increase and a subsequent decrease in the protein concentration in Fig. 4C . Considering the response surface and contour plots in Fig. 4 , we can conclude that for maximizing the cell disruption efficiency, the maximum value in the selected ranges must be chosen for laser pulse duration and laser power input.
Cell lysis efficiency
We further examined the protein concentration and cell disruption efficiency in pulsed laser system at 1,064 nm using different power outputs. The cell disruption efficiency and the percentage released rHBsAg was calculated, respectively, based on the ratio of total released protein and rHBsAg in the laser-treated sample to the total released protein and rHBsAg in the well-established conventional procedure-bead mill [9, 10, 14, 39] . Laser-pulsed duration and cycle number were set to the optimum points in the selected range, which were 100 mSec and four cycles, respectively. As shown in Fig. 5 , the protein concentration and cell disruption efficiency were enhanced by increasing the power output and reached their maximum values, that is, 6.72 mg/mL and 94.6%, respectively, at 284 (MW). The final calculated rHBsAg concentration by ELISA assay was 149.3 μg rHBsAg/mL. This result indicates that compared with the well-established bead mill process, approximately 95% of the potential rHBsAg from the P. pastoris cells without any significant loss due to degradation.
Generally, for the effective release of intercellular protein at least three major points must be considered. These three points are the composition-rigidity-of the cell wall, the size of the cell, and the location of recombinant protein inside the cell [11, 14, 19, 40] . Considering that the external cell wall of P. pastoris is a semi-rigid structure containing glucan and chitin, and the target protein in our study, rHBsAg, was located in endoplasmic reticulum [6, 7, 11, 13] , we can conclude that in addition to yeast, the pulsed laser system can be an effective cell disruption technique for cytosolic products in cells like bacteria and microalgae. Nonetheless, experimental investigations must be done for other types of cells to support our claim. Besides, as the maximum cell disruption efficiency in the tested pulsed laser system was in the acceptable range, to find out the limitation of the proposed method, the cell concentration should be considered as an additional main factor in the future studies.
Conclusions
In current study, we investigated the capability of the pulsed laser system in continuous setup for disrupting the cells of 
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FIG. 5
Protein concentration and cell disruption efficiency in pulsed laser system at 1,064 nm using different power outputs. Laser-pulsed duration and cycle number were set to 100 mSec and four cycles, respectively.
recombinant P. pastoris producing rHBsAg. Via using the DOE methodology, the influential parameters alongside the optimum condition for achieving the highest level of cell disruption were investigated. The obtained results in the laboratory-scale suggest that pulsed laser could be an effective cell disruption technique in the bioprocess industry. However, more investigations are required to examine the efficiency of this method in large scale and also to compare its capital and operational costs with other available conventional cell disruption techniques.
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